While scanning electrochemical microscopy (SECM) is a powerful technique for non-invasive analysis of cells, SECM-based assays remain scarce and have been mainly limited so far to single cells, which is mostly due to the absence of suitable platform for experimentation on 3D cellular aggregates or microtissues. Here, we report stamping of a Petri dish with a microwell array for large-scale production of microtissues followed by their in situ analysis using SECM. The platform is realized by hot embossing arrays of microwells (200 mm depth; 400 mm diameter) in commercially available Petri dishes, using a PDMS stamp. Microtissues form spontaneously in the microwells, which is demonstrated here using various cell lines (e.g., HeLa, C2C12, HepG2 and MCF-7). Next, the respiratory activity of live HeLa microtissues is assessed by monitoring the oxygen reduction current in constant height mode and at various distances above the platform surface. Typically, at a 40 mm distance from the microtissue, a 30% decrease in the oxygen reduction current is measured, while above 250 mm, no influence of the presence of the microtissues is detected. After exposure to a model drug (50% ethanol), no such changes in oxygen concentration are found at any height in solution, which reflects that microtissues are not viable anymore. This is furthermore confirmed using conventional live/dead fluorescent stains. This live/dead assay demonstrates the capability of the proposed approach combining SECM and microtissue arrays formed in a stamped Petri dish for conducting cellular assays in a non-invasive way on 3D cellular models.
Introduction
Scanning electrochemistry microscopy (SECM) is a powerful technique to map the topography and activity of biological systems with a micrometer-scale resolution [1] , [2] . SECM analysis of biological samples does not require extensive sample preparation times unlike traditional fluorescence and colorimetric assays [3] . More significantly fluorescence assays are highly invasive, and can have adverse effects on cell health due to labelling and strong illumination required for measurements [4] , [5] . On the contrary, SECM measurements are non-invasive and do not suffer from issues such as photobleaching. This capability is particularly interesting for continuous monitoring of samples, which is precluded in many traditional assays requiring fixation and permeabilization. A comprehensive overview of the advances in SECM-based imaging of living systems has recently been published by Bergner et al [6] . A large part of the reported work focused on oxygen measurements to assess the cell respiratory activity, as a marker for their viability or status [7] , [8] . Interestingly, SECM can detect more rapidly changes in cellular activity than conventional live/dead stains [9] . Besides, intracellular measurements of the cell redox activity [10] , [11] were reported as well as assays to evaluate the differentiation status of embryonic stem cells using an indirect enzymatic assay [12] , [13] .
Although these assays demonstrate the powerful capabilities of a SECM approach for biological measurements, they are mostly limited to single cell or monolayer models, which raises two essential issues. First, these assays fail to exploit the essence of SECM as a scanning probe technique to analyse large surface areas. Second, single cells and monolayers are not biologically relevant models, especially for studying complex biological processes [14] . Altogether, a more appropriate approach would consist of performing SECM measurements on arrays of 3D cell aggregates such as spheroids, which are acknowledged as closer models to the in vivo situation [15] .
We hypothesize, the reason why the majority of SECM assays are preferentially performed on simple cellular models is the same as why monolayer models remain ubiquitous in cell biological research: a lack of suitable platforms, on one hand, compatible with laboratory equipment such as SECM, and, on the other hand, suitable for large scale production of homogenously-sized microtissues [16] . To solve the latter issue, the use of microwell arrays has been proposed, and previous work in our group employed microwell arrays made from ''academic'' materials such as polydimethylsiloxane (PDMS) [17] and agarose [18] . However, these soft materials are difficult to integrate with automated systems [19] and normally, they are processed as thick layers to improve handling. Furthermore, both agarose and PDMS are porous materials, in which oxygen can permeate. These two aspects preclude their use for SECM measurements, where the approach of the tip to the surface is monitored using both an inverted microscope and negative feedback [2] . In this context, rigid and non-porous materials such as thermoplastics are better candidates to realize microwell arrays and platforms for SECM measurements on microtissues [19] , [20] . Polystyrene (PS) for instance has been widely used in biology for decades and thoroughly characterized for cell-based assays, is a good candidate material to realize such platforms.
Additionally, microwell arrays are advantageous for SECM measurements on cells and tissues as cross-talk between samples is avoided by spacing apart wells with sufficient and well-defined distance. In that context, a Si/PDMS hybrid device has been reported for viability assay on spheroids [21] , PDMS microwells have been developed for sensitive analysis of enzymatic activity of yeast cells [22] , and more recently, thin-film microwells have been developed for assessing multi drug resistance on monolayer cultures [11] . However, these devices not only suffer from material limitations discussed previously but also cannot be used universally across different equipment unlike the commercially available PS based culture ware.
Therefore, we propose in this paper a simple and user-friendly platform for SECM-based measurements on microtissues after their in situ formation, which is realized in commercially available Petri dishes (Fig. 1) . Specifically, a microwell array is stamped in a Petri dish using hot embossing technique. Next, we report spontaneous microtissue formation in the resulting platform, after surface coating and cell seeding. Microtissues produced from various cell lines (C2C12, MCF-7, HepG2 and HeLa) are subsequently characterized for their size and cell organization. Finally, we demonstrate the suitability of the platform for SECM measurements and in situ experimentation on microtissues. For that purpose, we perform a standard live/dead assay on HeLa microtissues, which are analysed before and after exposure to a model drug, using scanning electrochemical microscopy by monitoring oxygen consumption along with standard fluorescence microscopy.
Experimental Section

Fabrication of PDMS stamps
Master molds for the preparation of the PDMS stamps are fabricated in the clean rooms of the MESA+ Institute for Nanotechnology using standard photolithography techniques. They consist of 200 mm high SU-8 patterns on a silicon (Si) wafer. A hydrophobic coating of FDTS (perfluorodecyltrichlorosilane; ABCR, GmBH, Germany) is applied to this SU-8/Si master via molecular vapour deposition. This coating is notably essential for the durability of the SU-8 master and to facilitate the release of the PDMS stamps [23] . PDMS stamps are produced using standard soft lithography, as extensively described in the literature [24] . In brief, a two component kit (Sylgard 184, Dow Corning, Farnell, Maarssen, The Netherlands) consisting of prepolymer and curing agent is employed, these two components being mixed in a 10:1 weight ratio. This mixture is subsequently degassed, poured onto the SU-8/Si mold, and degassed again to remove any air bubble. Curing is achieved at 60uC overnight. After curing, the PDMS stamps are released from the master mould, and cut into individual chips.
Hot embossing of PS Petri dish
CELLSTAR cell culture dishes (35 mm diameter; Greiner BioOne GmbH, Alphen aan den Rijn, The Netherlands), are patterned using PDMS stamps for hot embossing. Prior to hot embossing, PDMS stamps are cleaned for 10 min in isopropyl alcohol (IPA; Sigma-Aldrich, Zwijndrecht, The Netherlands) in an ultrasonic bath, and subsequently dried for 15 min at 60uC. Microwell arrays are hot embossed using a custom setup (Fig. S1 in File S1) for local reshaping of the Petri dish as thoroughly discussed in the results section. Hot embossing proceeds in 3 steps: First, the setup is first pre-heated using a soldering station (Tooltronics, The Netherlands) to the desired temperature (180uC) and the applied temperature is monitored using an internal thermocouple. Subsequently, the dish is placed together with the PDMS stamp in the set-up, and pressure is applied with the help of a screw for 10 min. The applied pressure is measured using a model 1022 load cell (Farnell, The Netherlands). Finally, the setup is cooled down for 15 min before its disassembly and release of the stamped Petri dish.
Cell culture
Mouse myoblasts (C2C12), human cervical cancer (HeLa), human liver carcinoma (HepG2), and human breast adenocarcinoma (MCF-7) cell lines (all cells from ATCC, Germany) are cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% v/v foetal calf serum, 2% v/v Penicillin/Streptomycin and 1% v/v L-glutamine (all culture reagents from Gibco, Invitrogen, Breda, The Netherlands). Cells are cultured under standard conditions at 37uC, 5% CO 2 in a humidified incubator. C2C12 cells are not allowed to form confluent monolayers and all cell types are passaged every 3 days. Cells grown in monolayer are detached to form cell suspensions using Trypsin (2 min incubation in a 0.25% Trypsin-EDTA solution (Gibco, Invitrogen)), followed by centrifugation of dissociated cells at 1500 RPM for 5 min. Cells are re-suspended in growth medium and the cell density is determined using a haemocytometer.
Spheroid formation and culture
A cell-repellent coating based on Pluronic F-127 (BASF, USA) is applied to the microstamped Petri dishes to promote the formation of cell aggregates. Before application of the coating, the Petri dishes are cleaned for 10 min in IPA in an ultra-sonic bath and dried for 15 min at 60uC. A 1% w/v (1 g in 100 mL) Pluronic solution is prepared in DI water, and 3 mL of this solution is added to each Petri dish. The dishes are then centrifuged at 3000 RPM for 5 min to remove air bubbles, and incubated at 37uC overnight with the Pluronic solution. Thereafter, the Petri dishes are washed once with PBS. A 500 mL cell suspension with 500,000 cells in culture medium is seeded in the Petri dish, followed by 2 mL of culture medium. The dish is then centrifuged at 3000 RPM for 5 min. After centrifugation, the culture medium is changed to remove the excess of cells present outside the microwells. Subsequently, 2 mL of fresh medium is added to the Petri dish, which is placed back in the incubator. The medium is replaced after 24 h, and subsequently every 48 h. To measure the tissue sizes, images of microtissue array for each cell type (3 Petri dishes per cell type) are captured using optical microscopy (IX51 Olympus microscope). The tissue diameters are subsequently measured using Image processing software (ImageJ, NIH, USA).
F-actin staining and Hoechst nuclear staining
Tissues are pipetted out of the microwells and washed twice with PBS. Following this, they are fixed using 4% paraformaldehyde (PFA; Sigma-Aldrich) at 4uC for 30 min. Thereafter, tissues are permeabilized with 0.1% triton X-100 (Sigma-Aldrich) for 10 min at 37uC. For actin staining, tissues are incubated with a PBS solution containing 1% w/v BSA (Sigma-Aldrich) and 10 mg/ mL fluorescein phalloidin (Invitrogen) at 37uC for 2 h. Following this, the cell nucleus is stained with a 1 mg/mL Hoechst 33342 (Invitrogen) in PBS with 1% w/v (1 g in 100 mL) BSA (incubation at 37uC for 30 min). The samples are washed twice with PBS between every step. Tissues are finally imaged in PBS using confocal laser scanning microscopy (Nikon A1R-A1 confocal system; 40x oil immersion objective) in the BioNanoLab of the MESA+ Institute for Nanotechnology.
Scanning Electrochemical Microscopy to assess microtissue respiratory activity SECM measurements are performed in a three electrode configuration using an electrochemical probe scanner (ElProScan, HEKA, Germany) in feedback mode [2] . A Pt/Hg electrode is used as the working electrode with Ag wire reference and Pt wire counter electrode. Mercury is deposited on the 10 mm Pt working electrode by electrochemical deposition to improve its sensitivity and stability for oxygen measurements [25] . All biological measurements are carried out in HEPES buffer (10 mM HEPES, 150 mM NaCl, 4.2 mM KCl, 2.7 mM MgCl 2 , 1 mM NaH 2 PO 4 and 11.2 mM D-(+)-Glucose; all reagents from Sigma-Aldrich) at 35uC. Microtissues, are analysed using SECM by scanning along lines above the tissues with a 10 mm/s rate, at different heights above the microtissues, while ensuring the electrode passes above the center of the microtissue.
Live/dead assay and measurements using membrane integrity markers and fluorescence microscopy A live/dead assay is performed using a combination of standard viability stains, calcein AM (acetoxymethyl) and propidium iodide (PI, both Invitrogen). First, live microtissues are stained using calcein AM. Before staining, the medium is carefully drained from the Petri dish and tissue samples are washed twice with PBS. Culture medium containing 1 mg/mL of the calcein AM is added to the Petri dish. After 1 h incubation at 37uC, the medium is removed and the sample washed twice with PBS. To induce cell death, microtissues are exposed to a 50% ethanol solution in culture medium for 45 min. After washing twice with PBS, culture medium supplemented with 1 mg/mL PI is added to the Petri dish. After 1 h incubation at 37uC and washing with PBS twice, the sample is imaged using fluorescence microscopy (IX51 Olympus inverted microscope equipped with a X-cite 120 PC Hg lamp using a 2x objective).
Results
Platform fabrication
The platform developed for analysis of tissues using SECM consists of a microwell array stamped in a commercially available Petri dish. For stamping microwell arrays in a Petri dish while preserving the overall shape of the dish, a dedicated set-up is developed (Fig. S1 in File S1). Specifically, the heat and pressure required for hot embossing are applied locally for selective reshaping of the PS substrate in the center of the Petri dish. The Petri dish is placed in a Teflon cup that contains a brass disc in its center. This alloy disc which acts as heating element, is connected to a solder iron. Furthermore, its diameter matches that of the area to be stamped, i.e., of the resulting microwell array. The PDMS stamp, employed for hot embossing [26] , is placed in a dedicated part which is screwed down onto the Petri dish, and the applied pressure is adjusted using the screw while the Brass disc is heated. The applied force for hot embossing measured using a load cell is in the order of 20 to 30 N (c.a. 0.5 MPa), which is in agreement with the forces reported in literature for soft embossing using PDMS molds [27] . In the current configuration, this parameter is not controlled with high precision, but the applied pressure proved to be roughly reproducible from experiment to experiment. Fig. 2 presents pictures of a PDMS master employed for hot embossing and of a stamped Petri dish, together with a microscopic picture of an array of microwells stamped in PS.
Using this set-up, microwell arrays are successfully realized in the bottom part of dishes while maintaining their overall shape. For hot embossing, the temperature applied must be above the glass transition temperature of polystyrene (95uC) [20] , [28] , and optimization of the fabrication parameters shows that an applied temperature of 180uC yields the best fabrication results. Using lower temperatures (,170uC), the circular microwell shape is not replicated uniformly while higher temperatures (.190uC) results in heating of a larger surface area, which starts to affect the Petri dish shape. Fabrication at optimized settings (180uC, 10 min heating and 15 min cooling) gives homogenous microwell arrays, the dimensions of the PDMS master (400 mm diameter, 200 mm depth and 800 mm spacing between wells) being replicated with good fidelity in the polystyrene (depth 18462 mm and diameter 39563 mm, n = 30; 3 devices and 10 microwells per device), as thoroughly characterized using profilometry techniques (Fig. S2 in File S1).
In this paper, we stamped relatively large structures which are arrayed as 3 series of 3 lines of 14 tissues (Fig. 1B & Fig. 2C) . However, by changing the density and the size of the microwells, thousands of microtissues can be included per platform, and the dimensions of the microtissues varied. Using the same approach, we have also produced Petri dishes with arrays of .100,000 microwells (25 mm diameter and 20 mm depth) for capture of individual cells (Fig. S3 in File S1). Furthermore, a variety of techniques are available for processing of thermoplastics, such as injection moulding [29] , soft lithography [30] , and hot embossing [20] . In this work, hot embossing is utilized since it lends itself well to local reshaping of the material while keeping the initial overall shape of the dish, which is essential here to preserve the Petri dish format.
Microtissue production and characterization
Next, microtissues are successfully produced from various cell lines (HeLa, MCF-7, HepG2 and C2C12) in the stamped Petri dish. Before cell seeding, a 1% w/v (1 g in 100 mL) Pluronic F-127 coating is applied on the dish. Pluronic is a non-ionic surfactant polyol which forms a hydrophilic layer on the PS hydrophobic surface. This coating enables to eliminate cellsubstrate interactions by preventing protein adhesion on the PS surface [31] . As a result, it forces cell-cell interactions leading to self-assembling microtissues in each microwell (Fig. 3A and File S2). After ca. 24 h, microtissues reach a ''stable'' diameter and stop compacting. Following this, cell proliferation is observed (data not shown) for most of the employed cell lines, which results in an increase of the tissue size. After 24 h, the tissue diameter is determined for all four cell lines, and Fig. 3 B & C show pictures of microtissues prepared from HeLa and HepG2 cells after 24 h of culture in the platform. All form homogenously-sized microtissues (ca. 10% deviation), whose diameter is dependent on the cell type. For example, smooth muscle cells (C2C12; 206634 mm) contract more than liver (HepG2; 311635 mm) and breast carcinoma (MCF-7; 331636 mm) cells for a fixed cell seeding density in the microwell array (Fig. 3 B & D) . Following this, the tissue organization is characterized by imaging the distribution of matrix proteins such as actin. For that purpose, microtissues are stained with phalloidin coupled to a fluorophore (fluorescein), and imaged with confocal microscopy. As shown on Fig. 4B , actin is solely found at the cell junctions in HeLa microtissues as expected, while in monolayers (Fig. 4A) , this matrix protein is uniformly spread across the cells.
SECM-based analysis of microtissues: Oxygen consumption by live microtissues
To demonstrate the suitability of our platform for SECM-based analysis of microtissues, oxygen measurements are chosen as they are straightforward and direct. Furthermore, the oxygen consumption of microtissues yields essential information on their viability and metabolic activity [9] . The respiratory activity of microtissues is determined by measuring variations in the dissolved oxygen concentration in the solution in the vicinity of the microtissues, and for living microtissues, a gradient in oxygen concentration is expected from the microtissue surface to the bulk of the solution [9] , [21] . Therefore, in a first step, the relationship between the oxygen reduction current which is directly proportional to the dissolved oxygen concentration [32] , [33] , and the distance from the microtissues is determined by scanning over living HeLa microtissues at different heights, along with approach curves over a Petri dish surface and microtissue surface, as shown in Fig. 5B .
As the electrode approaches a Petri dish, the measured current shows a sharp decrease due to hindered diffusion near the surface, within 20 mm from the surface, which correlates well for our electrode dimensions [34] . However, for oxygen consumers such as HeLa microtissues a steady decrease is observed upwards of 250 mm from the surface; this reflects the presence of an oxygen gradient resulting from the active oxygen consumption of the microtissues (See Fig. 5) . A large drop (ca. 40%) in oxygen reduction current is observed at the microtissue surface and the concentration progressively increases as the tip moves away from the microtissues, as expected and previously reported in literature [32] . The differences in the approach curves highlight that the drop in reduction current around a tissue is caused by tissue activity and not merely due to hindered diffusion due to the presence of the microtissue.
Subsequently, horizontal line scans are performed along a 1200 mm line above the microtissues, over a microwell (400 mm diameter) and part of the inter-well spacing (400 mm on each side) at a scan rate of 10 mm/s, while ensuring the tip scans across the center of the microtissues (Fig. 5C & D) . These scans are repeated at different distances from the tissue surface until no drop in the oxygen reduction current is observed during scanning, i.e. 250 mm from the tissue surface. The horizontal line scans indicate the presence of a hemispherical gradient of oxygen depleted region around the microtissue due to tissue respiration. Interestingly, even at a scanning height of 5 mm from a microtissue, the measured current is not affected by hindered diffusion in the regions between two tissues. This is due to the fact that the HeLa microtissue, 2 days after seeding, protrude .20 mm outside the microwells. Therefore, scanning occurs at .25 mm from the PS surface and at this height bulk concentration of oxygen is measured as shown in Fig. 5B .
SECM-based live/dead assay
In a second step, this oxygen measurement approach is applied in a live/dead assay. One day after seeding in the microwell array, HeLa microtissues, which have grown to a size of ca. 370 mm, are exposed to a model drug (50% ethanol) for 45 min, and their viability subsequently analysed using SECM before and after exposure to the drug by monitoring their respiratory activity. First, from the initial characterization of the respiratory activity of live HeLa microtissues, a height of 15 mm with respect to the microtissue surface (i.e., .35 mm from Petri dish surface) is chosen for the live/dead assay, and other measurement conditions are kept the same as before (10 mm/s scanning rate; 20.6 V vs. reference Ag wire; ensuring the tip scans above the center of the microtissues). Furthermore, for the live/dead assay, a line scan of 4000 mm is performed over 3 spheroids, as shown on Fig. 6A . As determined earlier, the oxygen reduction current decreases by c.a. 35% over live tissues at that distance (Fig. 6B) , while, after ethanol treatment, the oxygen reduction current is unaffected by the presence of tissues (Fig. 6B) , as expected. The microtissues do not consume any oxygen since they are dead. It should be noted that we observe a slight drift in the baseline (,5%) while scanning over a series of microtissues primarily due to instability of oxygen reduction [35] , [36] . While the faradic currents show improved stability with Hg coating, the instability is not completely eliminated which could be due to incomplete coverage of Hg on Pt surface.
This live/dead assay is conducted in parallel using conventional membrane integrity markers and fluorescence microscopy. Initially, one-day old HeLa microtissues are stained with calcein; they are green, indicating they are viable (Fig. 6C ). Exposure to 50% v/v ethanol for 45 min leads to cell death, which is accompanied by damages in the cell membrane, while the overall size of the tissues does not change significantly (Fig. 6C & 6D) . As a result, calcein leaks out of the cells, and green fluorescence fades away. Cell death and membrane rupture is confirmed by addition of another membrane-impermeable dye, propidium iodide (PI) to the tissues. Loss of membrane integrity enables the DNA intercalating dye PI to enter the cells, and to subsequently bind to the nucleic acids inside the cells (Fig. 6D) . Consequently, dead tissues become PI-positive (red) and calcein-negative, while live tissues remain calcein-positive (green) and PI-negative. These results are in good agreement with the results obtained using SECM analysis of the microtissues and mapping of their respiratory activity.
Microscopy is combined to scanning probe techniques here for a standard live/dead assay on HeLa microtissues. In that context, SECM can yield additional information on biological processes by monitoring local chemical gradients that are otherwise inaccessible using conventional microscopy techniques. Furthermore, and more importantly, this technique is non-invasive, which enables time-lapse monitoring of the tissues. In the future, this combination of the microtissue array in a Petri dish with in situ and noninvasive SECM technique will be applied for other cellular assays, e.g., to monitor cellular differentiation by continuous monitoring the cell activity over a period of several days.
Safety Considerations
CAUTION: Mercury ions are highly toxic. Solution must be handled with protective equipment and extreme care to avoid contaminations. All solution and waste from rinsing must be collected and directed to designated heavy metal disposal.
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File S2 File S2 is the supplementary movie referenced in the article. Time lapse imaging of formation of C2C12 microtissue immediately after seeding. Images are captured every 10 minutes for 24 hours and show the tissue formation process. The tissue formation is spontaneous and the microtissues reach their final diameter ca. 24 h after seeding. (AVI)
